This work has evaluated the potential superiority of a morphomolecular classification based on the combination of clinicopathologic and molecular features of colorectal cancers. A cohort of 126 colorectal carcinomas was investigated by unsupervised hierarchical clustering analysis to combine 13 routinely assessed clinicopathologic features and all five molecular markers recently suggested by Jass' classification to distinguish four molecular subtypes of sporadic colorectal carcinomas. Survival analysis was assessed by a Cox proportional hazards model. A clear separation into three prognostically significant groups was identified: cluster A and cluster C were associated with good prognosis and cluster B with poor prognosis (P ¼ 0.006). Clinicopathologic and molecular features of cluster A and cluster B tumors were strongly concordant with colorectal cancer profiles characterized by microsatellite instability or by chromosomal instability, respectively. The clinicopathologic features of cluster C tumors were suggestive of a less aggressive disease than cluster B tumors. Genetically, they appeared intermediate between cluster A and cluster B tumors, as they were mainly microsatellite stable tumors showing high levels of both MGMT methylation and loss of heterozygosity. Chromosomal instability was significantly lower in cluster C than in cluster B tumors. A more accurate tumor classification should combine the prognostic power of clinicopathologic parameters with molecular biomarkers that provide information regarding the natural history of the cancer. Hierarchical clustering seems to be a useful, promising and powerful tool for further translational studies and should lead us to define a diagnostic and prognostic signature for different carcinomas.
The classification of tumors from all sites is continuously evolving and improvements are central to advances in cancer prognosis as well as in clinical decisions about the best-treatment plan for patients. Currently, tumor-node-metastasis (TNM) staging remains the gold standard for prognostic classification of colorectal cancer even though this system offers little information about response to treatment in individual patients or reasons for treatment failure.
During the last 20 years, there have been significant advances in our understanding of colorectal cancer pathogenesis, and it is now clear that these tumors encompass a heterogeneous complex of disease that reflects different underlying mechanisms of carcinogenesis. 1 Recently, some authors have used this new knowledge about colorectal carcinoma pathogenesis to construct a molecular classification of colorectal carcinomas by integrating genetic and epigenetic data. 2, 3 However, very few data about the clinicopathologic profiles of the colorectal carcinomas examined were reported in these studies, so it is not clear whether a molecular classification would yield more accurate prognosis analyses than the traditional TNM staging system. Many molecular markers are actively being investigated for their potential prognostic value but none of them has consistently reached the prognostic significance of TNM staging in multivariate analysis and there is no consensus about their clinical use. 4 In addition, no study has so far evaluated the potential superiority of a classification based on the combination of clinicopathologic and genetic/ epigenetic parameters. Jass 5 proposed a new classification of colorectal carcinomas based on the correlation of morphological and molecular features. The authors proposed four molecular subtypes of sporadic colorectal carcinomas with specific morphological features. These groups are defined according to (1) the underlying types of genetic instability (microsatellite instability or chromosomal instability), (2) MGMT and hMLH1 methylation status, and (3) BRAF and KRAS mutations. Although this system is the first example of a colorectal carcinoma classification including both morphological and molecular aspects, no information about the potential prognostic significance of the classification is yet available.
In this work, we propose a translational study using unsupervised hierarchical clustering analysis to identify an informative colorectal carcinoma subclassification from a combination of routinely assessed clinicopathologic features and a limited number of specific molecular markers, which have been shown to provide information about the underlying types of genetic instability. The aim of this analysis was to determine whether combined pathologic and molecular factors should identify prognostically and biologically distinct groups of colorectal carcinoma patients, and provide useful criteria for a diagnostic setting of colorectal carcinomas.
Materials and methods

Patient Selection
The series comprised 126 patients with primary colorectal carcinoma who underwent curative surgical resection between 2000 and 2004 at the Ospedale di Circolo, Varese, Italy. Patients with stages III and IV received an adjuvant chemotherapy based on 5-fluorouracil according to a protocol in use at the Ospedale di Circolo, Varese. All seven patients with cancer of the infraperitoneal rectum underwent postoperative radiation therapy. One hundred fifteen colorectal carcinomas were consecutive cases, and the only criterion for inclusion in the study was the availability of sufficient tumor tissue for histopathological and molecular analysis. The other 11 tumors were sporadic colorectal carcinomas exhibiting microsatellite instability at high frequency that had previously been collected in our laboratory. 6 These samples were included in order to increase the number of tumors characterized by this type of genetic instability.
The patients ranged in age from 40 to 91 years, with a mean age of 67 years. Outcome data were collected by consulting clinical records and/or the Tumor Registry of the Lombardy region (Italy) and were available for all but six patients, with median follow-up of 60 months (range 0-110 months). Ethical approval was obtained according to the rules of the Ethics Committee of the Ospedale di Circolo, Varese, Italy.
All cases were histologically reviewed by two independent pathologists (A.M.C., C.C.) according to the WHO classification of tumors of the digestive system 7 and the TNM staging system. 8 The clinicopathologic features of the tumor series are summarized in Table 1 .
Molecular Study
Normal and tumor DNA of each patient was obtained from formalin fixed and paraffin-embedded tissues using representative 8-mm sections of tumor samples and of matched normal lymph nodes. Three sections of every specimen were treated twice with xylene, and then washed twice with ethanol. DNA was extracted using a QIAamps DNA FFPE Tissue kit (Qiagen, Hilden, Germany) according to the manufacturer's protocol. Neoplastic areas were manually microdissected for DNA extraction and contained at least 70% of tumor cells, to minimize contamination by normal cells. 9 Microsatellite instability status was assessed by PCR amplification of the five markers recommended by the National Cancer Institute, following the Bethesda guidelines. 10 The PCR fragments were separated using an ABI Prism 310 Genetic Analyser and further analyzed using GeneMapper 4.0 (Applied Biosystems, Foster City, CA, USA). Microsatellite instability at high frequency was scored when at least 40% of the microsatellites analyzed were unstable.
Chromosomal instability status was assessed by loss of heterozygosity analysis of four microsatellite markers (APC, TP53, D18S363, and D18S474) and by interphasic fluorescent in situ hybridization (FISH) analysis to evaluate aneusomies of chromosomes 5, 7, 13, 17, and 18. All microsatellite stable colorectal carcinomas were investigated by loss of heterozygosity analysis using published sequences of primers for each marker (http://www.ncbi.nlm. nih.gov). PCR and post-PCR analyses were carried out under previously published conditions. 9 An allelic imbalance, suggestive of either an allelic loss or gain, was scored by the ratio of relative allelic peak height in the tumor DNA to relative allelic peak height in the corresponding normal DNA.
Interphasic FISH was performed on extracted nuclei of 29 colorectal carcinoma samples, selected after unsupervised hierarchical clustering analysis. Nuclei were obtained from 15 mm-thick sections from paraffin blocks using a previously described method. 11 The probe panel included EGR1(5q31)/D5S23, D5S721(5p15.2),TP53(17p13)/ alpha17, D13S319(13q14.3)/13q34, alpha18 (Abbott Molecular Europe, Wiesbaden, Delkenheim, Germany) and EGFR(7p11.2)/alpha7 (Dakocitomation, Copenhagen, Denmark A/S). FISH analyses were carried out using the method previously described by Tibiletti et al.
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Each FISH experiment was evaluated blindly by two independent operators and only experiments with 90% hybridization efficiency were considered. In each case and for each probe at least 200 nuclei were examined. FISH signals were counted with a Leica DMRA microscope equipped with single-and triple-band pass filters. The FISH evaluation was performed using the recommendations of the Italian Society of Human Genetics (http://www.sigu.net). Nuclei extracted from 10 normal colic mucosa were used as a control. The cutoff values were calculated as the mean value plus 3 s. d. assuming a binomial distribution of the spots. Initially, the cutoff value was evaluated for each probe; however, because no differences were observed, a common cutoff value was used, namely 3% for trisomy, tetrasomy, and polysomies.
DNA sequencing was used to evaluate mutations in the KRAS and BRAF genes. Genomic DNA from tumor samples was amplified by PCR using primers of the exon 15 of BRAF gene (5 0 -TGTTTTCCTTTAC TTACTACACCTCA and 5 0 -GGCCAAAAATTTAATC AGTGGA) and of the exon 2 of KRAS gene (5-TCA TTATTTTTATTATAAGGCCTGCT and 5 0 -GGTCCT GCACCAGTAATATGC). The PCR products were purified by using Microcon YM-50 Centrifugal Filter Units (Millipore, Billerica, MA, USA) according to the manufacturer's instructions. The purified PCR products were sequenced on an ABI Prism 310 Genetic Analyser (Applied Biosystems) with the ABI Prism Big Dye Terminator Cycle Sequencing kit version 1.1 (Applied Biosystems). The primers used for amplification were also used for sequencing. The sequencing results were analyzed using DNA Sequencing Analysis Software version 5.3 (Applied Biosystems). All mutations were confirmed by analysis in both the forward and reverse directions.
The methylation status of the CpG-rich 5 0 -region of the MGMT gene was assessed using a semiquantitative fluorescence-based real-time detection method. 13 Briefly, 300-600 ng of genomic DNA of tumor samples were subjected to sodium bisulphite treatment using the Epitect Bisulfite Kit (Qiagen) according to the manufacturer's protocol. Real-time PCR analysis was carried out under previously published conditions. 14 
Statistical Analysis
Colorectal cancer-specific survival was computed from the date of cancer diagnosis up to the date of death or the end of follow-up. Patients who died of causes unrelated to colorectal cancer were censored at the time of death, whereas patients who died within 1 month of surgery were excluded from the analyses.
A univariable analysis was performed using a Cox proportional hazards model by including one variable at a time. Multivariable analysis was carried out with a Cox model that includes all the variables. The final set of variables were selected using a forwardbackward stepwise method. The survival analysis was performed using STATA 10 Software (http:// www.stata.com/).
Unsupervised hierarchical cluster analysis were done using a Euclidean distance measure and Ward linkage with the R statistical package (http://www. r-project.org/). 15 This analysis was done to identify prognostically relevant groups of colorectal carcinoma patients based on combined molecular and clinicopathologic variables. The statistical analysis for association and correlation was performed using Fisher's exact test, analysis of variance, and the independent sample t test. Table 2 illustrates the frequency of each molecular marker analyzed as well as specific associations between clinicopathologic features and molecular markers. Briefly, colorectal carcinomas with microsatellite instability were positively associated with location in the right colon (Po0.001), specific histological types (mucinous, medullary, papillary, or cribriform types) (P ¼ 0.001), a poor grade of 
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CRIB, cribriform; MED, medullary; MUC, mucinous; PAP, papillary. Loss of heterozigosity in at least one of the three chromosome analyzed (5q, 17p, 18q). . KRAS mutation was significantly associated with loss of heterozygosity (P ¼ 0.03) and was found to be mutually exclusive with BRAF mutation (P ¼ 0.04). Finally, MGMT methylation was positively associated with the absence of lymph node metastases (P ¼ 0.009) and with stages I and II (P ¼ 0.03). Table 3 provides a summary of the prognostic significance of all markers investigated by univariable analysis. Some clinicopathologic parameters, but no molecular markers, were prognostically significant (Pr0.05). Specifically, the following clinicopathologic parameters were correlated with a poor patient outcome: high (G3) tumor grade (P ¼ 0.027), deep tumor invasion (pT4, P ¼ 0.001), presence of lymph node metastases (P ¼ 0.054), advanced TNM stage (P ¼ 10 À6 ), presence of neuroinvasion (P ¼ 0.013), and of angio/lymphoinvasion (P ¼ 0.023).
A multivariable analysis with a Cox model has been used for exploring the relationship between the survival of a patient and several explanatory variables. This analysis was carried out using a forwardbackward stepwise strategy. The best-selected model includes the following variables: TNM stage, angio/ lymphoinvasion, and grade of differentiation. TNM stage has a deep prognostic value, instead grade of differentiation shows a borderline significance (Table 4) .
Unsupervised Hierarchical Clustering Analysis of Clinicopathologic and Molecular Data
Unsupervised hierarchical clustering allowed the classification of 126 colorectal carcinomas on the basis of their similarities in clinicopathologic and molecular features. A clear separation into three prognostically significant groups was found. Cluster A and cluster C (25 and 37 patients, respectively) were associated with good prognosis and cluster B (64 patients) was correlated with poor prognosis (P ¼ 0.006; Figure 1) .
In cluster A, 77% of patients were alive at the census point, with a median survival of 60 months (mean, 57 months; 95% CI, 46-67). All colorectal carcinomas in this group exhibited microsatellite instability and high frequency of MGMT methylation (48% of cases). BRAF mutations observed in our series were almost exclusively in this cluster and were observed in 48% of cases (Figure 2a) . The clinicopathologic profile of these tumors was described above for colorectal carcinomas with microsatellite instability.
In cluster C, 79% of patients were alive at the census point, with a median survival of 80 months (mean 76 months; 95% CI, 69-83). There was no significant survival difference between cluster A and cluster C patients. Colorectal carcinomas in cluster C were characterized by a very low frequency of microsatellite instability (5% of cases) and no BRAF mutations. By contrast, loss of heterozygosity of at least one of the three regions investigated and MGMT methylation were found in 62% and 57% of these tumors, respectively. KRAS mutations were identified in 19% of these cases. Compared with cluster A tumors, colorectal carcinomas in cluster C were more likely to originate in the left colon, and they mostly were common-type adenocarcinomas of low (G1) or intermediate (G2) grade. Analogously to cluster A colorectal carcinomas, they were In cluster B, 52% of patients were alive at the census point, with a median survival of 75 months (mean, 67 months; 95% CI, 61-73). Cluster B comprised the most aggressive tumors in our series. Compared with colorectal carcinomas in clusters A and C, these tumors were significantly associated with stage III or stage IV (Po0.001), presence of lymph node metastases (Po0.001), infiltrative growth (Po0.001), angio/lymphoinvasion (Po0.001), and presence of stromal fibrosis (Po0.001). Genetically, they were characterized by the highest frequencies of KRAS mutation and loss of heterozygosity observed in our series (30% and 92% of cases, respectively). Particularly, loss of heterozygosity frequency was significantly higher in cluster B than in cluster C tumors (Po0.01), with the most remarkable differences for 17p loss (75% of cluster B tumors vs 34% of cluster C tumors showed 17p loss, P ¼ 0.004). Finally, cluster B showed rare MGMT methylation, no BRAF mutations, and absence of microsatellite instability (Figure 2a) . Figure 2b summaries a derivation of the three different clusters based on the significantly different clinicopathologic and molecular features observed in each group.
In order to evaluate the presence of abnormal chromosomal content and/or the presence of chromosome instability, interphasic FISH on extracted nuclei was performed on a selected subset of 29 cases (8, 10, and 11 cases from cluster A, cluster B, and cluster C, respectively). FISH analysis was performed using centromeric and locus-specific probes selected from chromosomal regions frequently involved in colorectal carcinogenesis. Detailed results of FISH analysis are shown in Table 5 . three clusters are shown in Figure 3 . Comparing the different clusters, colorectal carcinomas in cluster A showed a significantly lower percentage of aneuploid cells than cluster B and cluster C tumors (mean percentage of aneuploid cells was 16.6% in cluster A tumors vs 41% and 31.9% in cluster B and cluster C tumors, respectively; Po0.001). Both cluster B and cluster C tumors showed different cell populations with trisomies, tetrasomies and polisomies suggestive of a high degree of genetic heterogeneity. Nevertheless, colorectal carcinomas in cluster B showed a significantly higher percentage of aneuploid cells than cluster C tumors (P ¼ 0.0015). Gain of chromosomes 7 and 13 were the most frequent aneusomies observed in clusters C and B, whereas loss of chromosome 18 as well as gain of chromosome 7 and/or of EGFR (7p11.2) region were the most relevant chromosome alterations detected in cluster A tumors. In addition, scoring FISH signals for chromosome 17 and for the TP53 gene, a loss of at least one copy of p53 was observed only in colorectal carcinomas in clusters B and C regardless of the ploidy and the genetic heterogeneity of chromosome 17 aneusomies. The percentage of cells with p53 loss is higher in tumors from cluster B (mean of cells with p53 loss for cluster B: 27.8%) than in tumors from cluster C (mean of cells with p53 loss for cluster C: 11.4%).
Discussion
This work has evaluated the potential superiority of a morphomolecular classification based on the combination of clinicopathologic and molecular features of colorectal cancers using an unsupervised hierarchical clustering analysis and a multivariable analysis with a Cox model. Unsupervised hierarchical clustering analysis is a common method to profile gene expression data. [16] [17] [18] [19] More recently, there have been attempts to classify cancers based on hierarchical clustering analysis of immunohistochemical markers [20] [21] [22] as well as of genetic and epigenetic features. 2 For the first time, this study used unsupervised hierarchical clustering analysis to combine 13 routinely assessed clinicopathologic features and all five molecular markers recently suggested by Jass' classification to distinguish four molecular subtypes of sporadic colorectal carcinomas. 5 Clustering analysis resulted in a clear separation into three prognostically and biologically significant groups. Features of cluster A and cluster B were strongly concordant with the molecular subtypes indicative of the two major types of genomic instability recognized as alternative mechanisms of colorectal carcinogenesis, 1 and they overlap with groups 1 and 4 from Jass' classification, respectively. methylation. Clinically, they were associated with a better prognosis and showed a clinicopathologic profile consistent with the reported phenotype for tumors with defective DNA mismatch repair. 5, 23 Moreover, preliminary data in our laboratory examining a panel of tumors from clusters A, B, and C for the methylation status of 35 tumor suppressor genes, demonstrated that cluster A tumors showed the highest frequencies of de novo methylation (data not shown). This finding is consistent with previous studies that found a strong positive association between microsatellite instability and the presence of a CpG island methylator phenotype and outlines more precisely the molecular profile of these tumors. 3 By contrast, cluster B consisted of colorectal carcinomas with chromosomal instability assessed by loss of heterozigosity analysis and by interphasic FISH. These tumors showed the highest frequencies of TP53 LOH and of KRAS mutations, but rare MGMT methylation and no BRAF mutations. Clinically, they had the worst outcome and comprised the most aggressive tumors showing all the wellestablished clinicopathologic features associated with a poor prognosis in colorectal cancer. Cluster B tumors were associated with a poorer prognosis than cluster A tumors, in agreement with large metaanalyses, 24, 25 which unequivocally established that chromosomal instability and microsatellite instability are useful prognostic variables for colorectal carcinomas. However, despite their prognostic value is no longer in question, chromosomal instability and microsatellite instability are not reliable markers to predict prognosis in colorectal carcinomas, especially when rather small cohorts of patients are examined. [26] [27] [28] [29] [30] [31] Our data are consistent with these studies, showing that both markers were not significant prognostic variables. Univariable and multivariable analyses in our work demonstrated that the aggressive behavior of cluster B tumors cannot be explained by a relative contribution of the molecular markers included in the study (Tables 3  and 4) . By contrast, TNM stage alone remains the most significant independent marker in predicting outcome.
An important finding of our analysis was the identification of a third subgroup of colorectal carcinomas, namely cluster C, that was associated with a good prognosis, without a significant survival difference to cluster A patients (Figure 1) . The clinicopathologic profile of cluster C tumors was suggestive of a less aggressive disease than cluster B tumors considering TNM stage and lower frequencies of angio/lymphoinvasion and neuroinvasion.
Genetically, they appeared intermediate between cluster A and cluster B, as they lacked microsatellite instability (only two cases showed microsatellite instability) as well as BRAF mutation and they showed both MGMT methylation and frequent allelic losses. Interphasic FISH with centromeric probes added important information about the abnormal chromosomal content in cluster B vs cluster C tumors. This analysis has proven to be extremely useful in distinguishing a state of aneuploidy (an abnormal chromosomal content reflected in allelic imbalance at the molecular level) from a condition of chromosomal instability (an accelerated rate of gains or losses of whole or large portions of chromosomes). 32 Although the FISH approach does not directly measure an increased rate of aberrations, the chromosomal heterogeneity detectable by this analysis may serve as a good indicator of chromosomal instability. 33 Our analysis demonstrated a high grade of chromosomal heterogeneity suggestive of a phenotype with chromosomal instability in both clusters but significantly lower percentages of aneusomies were detected in cluster C than in cluster B tumors (Figure 3 ). This finding, together with the observation of significantly lower frequencies of 17p losses in cluster C than in cluster B, suggests a less advanced genetic progression in cluster C tumors. [34] [35] [36] This hypothesis is consistent with the clinicopathologic profile of these tumors significantly associated with a good prognosis.
The identification of cluster C tumors is the main discrepancy with Jass' classification. In our analysis, these tumors share molecular features observed in both the remaining two groups of sporadic colorectal cancers described by the authors, namely group 2 and group 3. In order to validate Jass' classification, we also considered the possibility that different levels of gene hypermethylation in cluster C may be useful to better stratify these tumors in a high-CpG island methylator phenotype and low-CpG island methylator phenotype (as observed in group 2 and in group 3, respectively). However, cluster C tumors were characterized by low levels of hypermethylation and no significant differences between cluster B and cluster C tumors were observed. Considering recent data, we inferred that cluster C tumors may overlap with the subset of colorectal carcinomas termed 'CIMP-low' 3 or 'CIMP 2' 2 showing low levels of methylation as well as chromosomal instability and high frequencies of MGMT methylation and of KRAS mutation.
In conclusion, our study demonstrates that a more accurate tumor classification should combine the prognostic power of clinicopathologic parameters with molecular biomarkers that provide information regarding the natural history of the cancer.
In our study, TNM stage alone remains the most significant independent marker in predicting outcome. However, the future utility of the TNM staging depends on its ability to deal with the increase in population screening for colorectal cancer, the discovery of new therapies, and the use of new molecular biomarkers. Indeed, because the system depends on the temporal progression of tumors for its predictive accuracy, anything that reduces the temporal dimension reduces its accuracy.
Hierarchical clustering seems to be a useful, promising, and powerful tool for further translational studies and should lead us to define a diagnostic and prognostic signature for different carcinomas.
